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When goverﬂbent or other druwings, apeci—

~ fications or other data dre used for any purpose

‘other cthan in connecttﬁq wvith a def&nitely related

goyernment prccuremcut Ooperation, the U.

Government thereby incurs no responsibility “nor any ;?v

obligation whatsoever; and the fact -that the Govern- -
ment mey have formulated, . furnished or in any way
supplied the said drawings, speclrlcations, ‘or other

data is not to be regarded by implication or otheri:" T D
wise as in any manner liceusing the holder or any .. = ‘oo T

" other person or corporation, or conveying any rights

or permuission to manufacture, use -or sell any
patented invention that may in any vny be- related
vhereto.;
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Thja report is the- second and final report on the general subject,
cratering from high explosive charges. ‘Presented herein is an empirical
‘1anal"sis o? all the HE- cratering data’ compiled in the first report IR

Compcndium of Crater Data.

@

The study was’ conducted for the Office, Chief of Engineero, Depart—'

"ment of the Army, as 'a part, of Research and Development Project 8512-95 002,

<<<<<

it
was acc0mpllshed during the perlod July 1959 through June 1960 by personnel

Structures, « Terrain, end Waterways (u).!

of therSpecial“Investiggtlons Section, Hydrapglcs Divigion, U. S. Army En- -

gineer WatefwayS'EXperiment Station, under the general superv¥ision of .

i
T

I. McLane, III, under the !

Messrs. “E. P. Fortson, Jr.,_and F. R. Brown. This report was prepared by
Mr.-J. N. Strangey SP-k C. Denzel, and SP-4 T.
direct’ qupervieion of Mr. G. L Arbuthnot, Jr.

.

Col. bdmund H. Lang, CE, wvas Director of the Waterways preriment

Station during the preparatlon of th;s report, and Mr. J. B.

Tiffany was

. the Technical Director. T o - T e
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* NOTATIONS . - &
Charge -shape factor~ dimensionless
- s . ( Y
- Depth of crater, ft

' Depth 6f apparent crater, ft

Depth of true crater, ft ﬁy
lnﬂmpfpr of oamouf‘efr(hnr1/nnfa1 direofion), ff‘
Diameter of camouflet (vertical direction), it
'hlastic prope rtieb of medlum ctatered, lb/ft?
Crater 1ip height, £t S ‘ S i
Constant, dimensionless ”
Expoﬂent of the charge ﬁeight, diméheionlese
Radias of crater, fﬂ
Radius of apparent craéer} ft | . . : v
“Radius of explosive charge, ft p
Radius of true crater, ft 747‘ ?
Soil resistance-function dependent uﬁon s§11 type, dimensienlesé
Volume of crater, ft3 #U V I . .
“ Defonation velocity of explosive, ft/sec
w"WGight of charge (TNT equivalent) lb " S
.yifPositlanOfgchérse above (f or below ( ) air ground interface, £t
| 4[n‘““ - SR
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Yy bpecific weiéﬁt of GX’losiveﬂ lb/i‘t3 % '{ J '} B .
u i . .- k!
e € Energv density nTrexplosive (ft- lb/ftB) lb/ ,_.1 P
. flc Reduced charge posi*ion (Z/wl/3 ft/lbl/3 ‘ J; .
( B Poisson's y PHth of the medium cratereu, dimen ibnlegs B -
l’ﬁc Moiaturé‘content o; med i)ﬁ ;ratered, per cent by weight, dimensionlesb
Nvmv void ratio o? meéi;m éruteréd, dimensionless . .
‘pc Cdsflnb or packlnb denqity or the charge, lb sec /ft‘
) . Density of medlum cratered lb sec /ft
N . a
R ) tcnulon)

. cou » v. “,‘
Strength pxooertiev oi medium cratored (compre sion, shear, and
lb/ft .
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Crater measuremento from’ approximately 1800 ohOtg in riore . than 20

- media with charge veights ranging. from. less than 1 .1b uu 390 0G0 1b were

Fe e

I

o

A B EE aa

. Pharge weightw

analy ed to: (a) gain a- bettver understandxng of the problems involved in
_detetmining the shape and si:e of' craters.formed by high explosives;. (b)
establjsh the order. of variation that ‘characterizes cratering data; and .
(c) develop 1mproved and/or-more generaljzed techniques for predicting
crater. dlmen »ions.
were determined from plots of crater radius ‘and depth as a function of -
By meani‘Of"thL leust-squares procedure, the equation of
“the line best fiLLLng Lhy Uila was detérmined, along, with 95% confidence
‘iimits, thereby’ evtablisuin empirically the scaling laws that relate
crater size and chargu wﬁight., The well-known cube-root scaling law is 7
fiot entirely acceptable for scaling all dimensions of a crater; apparently
this law varies with the type of medium being cratered and the. charge
weight and position. Curves are presented to assist in predicting crater
size ‘and ‘shape for charges up to- 1,000,000 1b of TNT. Also, the influence
of varicus ooi; types onycrater siu e‘is shown graphically.
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AR s o ANALY“‘IS OF Q}RATER DATA B i

- .methods employed, commercial blasting operations normally provide very 1lit

-

" effects by use of

- C;cA‘I‘EnlN'G FROM HIGH EXPLOSIVE CHARGES

" - U PARTI:C INTRODUCTION . ;

i For meny years, low energy-density explosives have been used in

construction operations to acconplish lerge excavation projects by loosen-"

“ing orggragmentizing theﬁearth,s crust.. Equally important is their exten-

sive'usefin mining“operations.. Only recently have explosives been’ used in
- pvery large-amounts.to‘both loosen and remove unvanted orhwaste materials.
‘The uSevof‘hundreds of théusands and even millions.of pounds of explosives

fto excavate large volumes of materials is daily becoming more commonp]ace,f

: Houever,dpommercial blasting operations usually employ special techniques

'vof'delayed initiation and programmed firing of & number of Carefully'lo-'

y W “ . .= N : _ “
e . . " B B . ) - »o- o W‘ -
SR o “w e . - " . i . . |
o i . D
' SN

”cated charges pre-positioned at prescrlbed depths. ~Because of the special

tle information that is: usable in predicting the size of crater that a f’
given quantity of high explosive (HE) will produce, and” certainly, it is
the cna&er formed by the detonation of sinple charges that is of major
:militﬂky interest.- . . v A
. 22 The importance of'. .cratering was greatly increased when, through
he use of nuclear weapons, it became possible -to release enormous amounts

of energy from essentially a point source. With the coming of “the nuclear

~ weapon came also - the requirement that’ prospective users understand fully

its potential and its limitations. Naturally, the most certain way to

‘ realiae a conplete understanding of each weapon's effects is from repeatedﬁ

tests at full scale in which‘suffﬂcienu measurements are made to define

.each effect. Although this method is preferable from the point-of view of
i’-accurately establishing weapon effects, it is economically (and perhaps

. <biologicaily, because of the radioactive fallout infeasible, therefore,

efforts have been*made to establish and define: many of. the full—scale
i.

2,

A

smell-scale HE charges.‘ Fratering is one«of the effects ,
,ﬁof nuclear weépons that has been studied using HE charges '

3.,,Over a ppriod of the last, twenty or”so years, many Hb cratering H~'JM

Uexperiments have be en conducted in an effort t0 determine the cratering

=3

b
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N capability of variOus explosives Primarily the cratertrg phenomena have e L e ,@

been considered\to Ye & functionnof (a) the deptn of bur R

i3y
)

al ofwcharge, g
‘(b) ‘the properties of the medium in which the charge is placed (c) the
type of explosive, and (d) the welght of the charge. Most treatments of ~ N

olldtions among various tesgt series were at- .

n 0

» the bubJELt of cratering h[ve mude use of data o%tained in a specific test
“series. As a result few

tempted. When comparisons were attempted and”found to! be widely divergent,

o Justifications were souph%kds to why ?ne test series should be used in"
¥ preference to unocther. uSu“h practices in some 1nstunces greatly -reduced
. scatter and/or served to b as the conclusions reached - » ) ' e
L R L. It seemed 9pprop11ate thérefore taat a study should be' initiated . |

: i(in which (a) all. known cra erinb date would be tabulated along with perti-
ncntrsqil_properties, expl ive types, and charge weights and depths of

- burial; end (b) the data s compi]ed would be analyzed as thoroughly as

practitable The otudy undertaken was divided into two\phases, vizu, a

compilation 8f crater data, and analyeis of crater data. The report onﬁm

o L the first phase entitleqd Compendium of Crater Data, was published as
Report 1 of thir series in May 1960 T The major objectives of this, the
second phase of thelstudy, vere o (a) obtain a’better uriderstanding ef the
‘ cratering process,w(b) assess the order of variation (scatter) that charace
terizes cratering phenomena in specific and widely divergent‘materials, and
(c) develop, if practioable, improved: and/or moyre’ generalized methodo of
.“‘predittlng the sizg and shape of explosively generated craters for a
variety of soil conditions;;' R y _
T __,. "". S. Since the measurement of explosively generated craters were very
' often reported merely as by-products of test,series planned ferﬁother pur-
3 BEE poses, mOat ,of the.data tabulated in uheﬁcempendiun are‘gressly inadequate
“ for aitruly scientific approaeh to a general solution ‘of the cratering
problen, Consequently, ‘it was.not possible to realize an ‘analysis that
fulfilled all of the ObJeCtiVef 'tatcd above Attempts to efine the anal="

- ~yais te inelude the effectu of additional parameters were. unsuccessful - S
- Results are preoented 1in as. great detail as the 1nput data. warrant C , N
TN - oL oo - [ - . R .
N ‘ o . ” ’ ) :\‘,,,1‘: , ot —— o o R ‘ - : 3
gf . *" Raised numbera,reier to similarly numbered items in tbe list Qf 1exer- ffi B

Ta
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encés ‘at edd- of text. , S : 4 , o B




w,

T

o o A oD L3
v,," : (.::‘ . \\ o L N L e “ .
~*" -~ - PART II: EXPERIENCE FROM EARLIER INVESTIGATIONS

o

W

- British Investigations
*T"Txfb, '_ : i 6. In l9h0 the' British conduuted a seriea of testsl to determine,

empilically, equatlons that would provide- means of predicting the oize and

7: shape of craters resultinp from the deton tion of" HE chargeg (b@mbs) bove, »

T i ‘on,” or beneath the qir-ground interface. These tests were. conducted within'
- . 'Zv., S pii and lock masses \ ? chosen as to be gcnerally representative of the
' land mass of England; From these tects, a set.of cratering capability

°& curves* was- produced for'predlctlng crater- dimensions ih a Variety~of-~3l

,T, By the end of’ l9hl the British had accumulated sufflcient data'

- from actual bombings lto formuldte a second set of cmpirical equations.

. - eazth media -

These -differed-somewhat from the flrst mainly becauseﬁof a difference in i
; the metheds of, emplac1ng the charg : Tn the experimenﬁal teste much larger

. cavities were formed ‘than 1n the actual bombings. In the experlnental _
tests the backlllllny m&terialo uaed in the bomb emplacement were carefully
tamped and’ controlled whereas in-the actual bombings the bomb itself was

~ open to the atmosphere through the penetration burrow. Obviously the en-
ergy released hy'the detonations was partifioned differently between the

fFedia and the air. o ' o
' 8. Within the range of charge weighpa involved, the data, both from
Lactual bombingo and from the experimental work, conformed satiefactorily
to’ Hopkin;on 1aw. This law states that if charges of the same explosive,

| differing 1n‘weight but not in shape, are detonated, the explosive effects

Adare proportional to the linear dimensions of the two charges.; Thua, a’
sphere ‘of- TNT ‘that has a diameter twice that of a oecond sphere will, upon

1'detonatior produce twvice g big a crater and twice as much damage (i.e.

h\\“-’ ' wdthe explosive effects will be twice as eevere)

. PR e . . B - $ ”:: .
o B S P L o . T

[\

- % Any plot of a, reduced crater dimenoion versus: the reduced’ charge posi-

E o . tionjte. g. d/w /3, versus ﬁhc ;ld;io ?.5yersus' é_; r/w /n vereus

Ad e etc” 7
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9.

- The uests showed that, even in the case’

H
i

United States Investigationg

e

S

"

Some experiments were conducted by the United States in l9hl

to assess the damage that otructures might receive from bombs bursting

: possible to cause considerable damage to building

situated near the explo-

f buried bombs, it was = - o

~From the results it was determined that a broad experimental program

‘causing damage

The tests ‘also’ revealed +that underground installations
- could best be attacked by actual Lratering of the soil-structure mass;

Iwould be required to aosess the roles of the- various test parameters in

%

therefore, the relative-influence of the various test‘parameters on the
eratering prﬂbess became important
'lO..

These studies were among the first which led to a series of pro-

longed studles of the cratering problem and the various factors which
influence crater formation.
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& ° PART IIT: VARIABIES Tiwr AFFECT (CRATERING LPHENOMENVA(I
\\l“ ' :f‘,}\\ ,‘ ""’:“'"‘"i"".i*,."l"'T """ " T . !

i

- =
P
!
I

11, If. the cratering problenm is gener&lized it can be said that the i

ot - size and shape of an explosively generated - "H@ ter are dependent upon: the’ ' o
o g quantity and type 01 explosive ‘used, the medium in which the cratering RN o
Lo i :

i

takes. place, ‘and. the method of-. emplacement of the charge and its position ‘ L
. B 1 relstive to the medium-air interface.

Ehese indepcndent vari ables are very 7

. complex and oannot be defined complete{y or adequately enough to permit a
study of -the cratering problem in minuie\detail.‘ Every attempt at analysis .
. B ‘is complicated by other variables thathare less obvious and by an inter- o
‘gxﬁ - S relation of the variables named above IA view of these difficulties, 1t"
’ \f‘. _ ~is .very likely that‘crater-prediction methods will for some time at least
\ o - contain provisional techniques for- assessing certain factors WhL@h exert
| x . considerable influence on the cratering process .
R : 12. The following tabulation lists the more obvious variables that
| - i | are believed to have 81gn1ficant influence upon the cratering problem.
The extent towhich other variables’ might conceivably influence the problem
i is indeterminable. Because of the qualitv of the data available, the ef-
fects of several of the more obvious Variables on crater formation could

" not be detezmined in tnis study e

: Lo - . Properties of Medium Being ‘ ,
Properties of Charge ~ Cratered Charge Position

Welght ., = . Density N ' Above-ground regime
e . ‘ o

Shape ‘ ~ Moisture content' o : Air-groundqinterface.lb Qf

Packing or casting -Dynamic load-deformation " Below=-ground regime !
density » characteristics: modulus AR _ - A
a : - of alasticity, ultinate:
Energy density - . strength (compression,v
R . R ’ tension, and shear),
B Detonatioﬂ velocity 'Poiuson s ratio, etc.

cer o ? //u" BT Void ratio - e Lo o “ilf ,m-;;:i

Qther soil properties which
. k .. .' may produce third- or higher-
Rt Cwo- - erder effects - :

T

o L : Va
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" in produ01ng a creter when equal amounts of  energy are re

- sive,” In- condunc+ion with the shape and size of the charge, determinee

s
=

®

Properties of Explosive Chargé
o . Jl,-. - N n

S . ’ e & e - .

<

13- Properties of the explosive are of major importance in determin~,a
ing the size Lrater that & given charge will produce. The weight of exvlo-
v
packing density.' Ideally,_for purposes other than evaluating shaped-chérge
effects, spherical oharges are best suited to experimental tests wherein it
“is desirable to eliminate the oharge shape as, a facto“ in. thc cratcriig —
process and to mdre nearly simulate a point source of energy. Experience °»
has shown, howevel, that chﬂr ges which do not de\iate vreEtly from”a cubi~ -
cal shape produce little or no charge-shape eflect on the 51ze or shape of “g
the cratei tormed. Tests have been conducted 2,3 that were designed specif-"
ically tof evaluate thc effcrt of charge shape on crater shape and size.

Homever these tes ts were for a 1articular urpose . and are not con51dered
r, v F purp

" pertinent to the-ge 1eral solution of the oratering problem when spherical

charges are used. . 8 ‘ A A A
14, Since cratering involveﬁ deformation, displacement and throwout

of the.soil mass th has rcceivcd loads sufficient to exceed the elastic

limit of the medium, it i- nhvious th t such effects will increase in mag-

nitude as the charge weight is increased. Experience has shown that for

the smaller charges. (W < 10C0 1b), the explosion effects are fairly well“
predicted by“Hopkinson’ ‘lav (see paragraph 8) Although all eprosion u
effects do not adhere to this law in the absolite sense, 1t may be used to
describe the behavior of tho explosion effects in.an approximate manner.

7

' 15;' From certain test res ults' where comparison is possible, it has
been qualitatively determined that explosion “effectiveness in producing a
crater is ‘a function of the detonation velocity. , A "rule of thumb' summa-
tion of test results shows thuL Lhe -more eiIective crater—producin& explo-"
slves are those having the slower. detonation velocities. For example, 60%
ammonium dyndmite (detonation velocity approximately 9700 ft/sec) 1is about
30 t0.50% more. effective thar C-4 (dctonation velocity about 2k, OOO ft/sec)
&eased'n Further~

more, cyplosives having detonation velocities slover thhn that of ammonium

dynamite are even more effective from ‘the otandnoint of. prcducin5 craters. o

Sinoe thu encxpﬁ denoity oi exnlosive 1o dircctly related bo ibe .

. (/,ff . N ;.“,,7,(,»:,
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detonation velocity, =low energy density exploaives ‘are ‘more. efficient

' cratering charges.‘””,
. l M

Properties of the Medium Cratered \ _

&
1 L - e . .

16. Several properties'of tré”medium beang cgatered influence to a

' pronoun ced degree the size of crater which the detonation of. a given amount.

. of- explosive can preduce.

. as being

Generally, the earth s crust may be ‘described- a8 -
being a noniniform, nonlinear randomlv constituted mass that makes up thp
One authoﬁ deucribes it

nonlinear, pla?uic,‘absorptive, dispersive, anisotropic, and non-

homogeneous

exposed and sha“low layers of the earth s suriace.-

v Wlth the wide variation of matérial properties from one 1o-"
_cale to another even when the materials are similarly classified it is"not
surprising that crater results exhibit considerable scatter. hThe results

of a set ofcarefully controlled eratering -expe uctex “at

ciments co

Eﬁuin~
matexidls that were probably as homogeneous as nature provides exhibited

deviations in the range of :lO 2 which is- believed to be what might be

~regarded as minimal scatter. Most experiments are characterized by .scat-

ter in the‘range of #30 to 40%.
17.

‘the. cratering procrss is scmewlat uncertain.
i

The extent to which}the various properties of the medium affect

" Tests have never. been con-

T ducted in sufficlent number or ‘in sufficient detail to establish the rela-

i tive 1nfluence of each major soxl parameter on, the total process.

Howaver,
it would seem from an 1ntuitive puint of view that the :greatest influenre
should be attributed to the m01,ture contenL and strength properties.
Actually, these two variables are 50 closely related that they tcannot be
“isolated. 'The strength properties referred to here are those pertaining to -
conditions'of dynemic loading. The other properties of the medium; such as.

‘density, vold ratio, etc., are bclioved to produce second— or, third-order

effects“and arc therefore “of litble Lunsequeqce in developing an empirical

H

P o i oL Povition of Charge

L \i8 Thc position or the charge, relative/to the air-grounﬂ interface, -
s also a prime factor in determining the trater size and shape, since the -
» charbe“pooition relative to thc interface fixes the amount of energy

solution of the: cratering problem. S . p f“v‘ oL L

Tomn i, s
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' qpartitioned between the two media.

‘volaced -above the interfaCe goes directly into ‘the air; conseqpently,

B

-~

|
\\‘.

3

o chargco in this positlon are ineffective ag creter-producing explosions.

gl

Most of. the energy released by chargee%D

Charges placed on or. below bhe air-ground 1nterface are much more effective

since there is direct coupring of the energy to the earth medium.

Hence

‘these charge positions are of principal interest end are con51dered in

greater detafl in this- study.

- 83e reporued ”1mply as a mattez of academic 1nterest.‘ Cos b

R DT A CONVENTOMAL CHATEW

TAMEAOES L DI LAREN o9y AN p

" Fig. 1. Typical crater
shapes and the range
of charge positions
with which they are

associaied

wy

_are formed when A

© groups,

(rig. 1).

The results of above~surface detonations

&
= i
"

19.

The gamu of charge pusr

namely,'the
air—grOend interface, and the below-ground
regime (see tabulation in paragraph 12)
iCharges placed in.the beloy ground regimeh
day be furtherkgrooped as 1o‘crater shape
v From experimehtal evidence;*it
has been eotablished that 1n moot in situ

materials, conventional craters arz formed

2

when the value of the reduced charge posi-“

tion AC
(fig. la)

lies be+ween +0.5 and: -2.0
'Partial camouflets (fig 1b)

" lies between approxi-

mately:-? O and 3 5, and in materials ex-.

hibiting appreciable cohesive strength,.

‘full camouilets -are formed when k < -3 5'

(fig. lc)
y .
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T "PART Iv:" DISCUSSION: OF SCALING CONSIDERATIONS

P - “
o

?O. The purpose of the varfous experimental explosinn-effevts pro-

Jigrams tabulated in the Compendium has been to formulate e scaling law for

*'the various effects which will within {tself, be valid, or through the use

of scaling facturs tan be u%ed to predict the effects of much larger explo?
sions i Most of tﬁe research has been directed toward assessing the effects 1+ -

of nuclear weapon¢ -by uslng high explosives 8s a- emall-acale energy source

'!blnce th1 renorﬂ‘doe. nh1 onnulder (7&19?& rn&n‘finﬂ [rom»4hn detonation [

Y4 o

\“‘ of 'a nuclear soche, the scalihg effects that are discussed herein gpply -

only to HE detnnations ot up, o - l,OOO OOO 1B of TNT. The" follow1 g’ several

paragraphs diseu s the scaling aspects of. theocratering problem in general

N
" and p01nt out xeasons Por the failure of the scaling laws to predict re-

sults over wldh range - of exp1051ve yields and types of media.

21. Any dimension of "a crater, such as radius, depth, volume, etc.
in a general sense is a function of the: welght of the charge (W, lb),
shape of the charge (c_ dimenslonleos), casting or packing den51ty of the
e<plosive (p lb-secé/itu),.enerty denaity of the explosive (e s ‘

P lb/ft )} detonation velocity of the explosive (Vd ; ft/sec); density of

charge relative to hc air- ground interface \ Z. ft)

' Expressed mathematically.

~ the medium cratered (pm , lb-sec /1“+l+ Y; meisture°conte“t of. the medium in ‘

?ﬁeight (nw , djmen,ionle,u);‘elavtioﬁproperties of the medium

" ¢l

1

lbbn propextlcs of’ the medium.'l a. compres sion, ehear,
and tension (o N lb/ft )5 vold ratio of the medium (v s dimensionless),
Poisson's ratio of the medium (u y dimensionless), and position of the

T 1”d ’ V s.ete. : f (W “’,C,S s P 2 € )‘Vd“; o L ’ E
_dﬁ P Vg M z) (1)

o

Although this explession may represent almost the absolute solution of - the

fcratering problem, it is recognized that to acquire sufficient expérimental E

)

. data Wncrein each of the 1ndependent variubles are’ fully‘described borders
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on the ridivulous! In the first place, there ‘are nd‘methods at the present(
time for e@ululting the varibuu propcrticu ot the, soil in situ when the

‘soil ig eﬁpooed to truns icntﬂloadlp hence;, the problem, for practical agg‘

economic Q%duon~, must. be Prnsély &implified

?2 . For the purpouc o’ lnalyuln the dlta rcgcntcd in the Compen-
LJ p

dium! the IOl&oWlng ueemq,reabonablc - ’ o '” ‘
T o H ) “/ N 1
o r, Vo ete. fav, n,8) : : (2)
»Jﬂm“"le.ﬁﬂl /- L R

o

”*hore“r‘:{n the crater redidvg d the cr atcr depth, V the cratcr volume,
W the,char*c wclvlt /lb ot TNT) % the lhxrpe po”ition rclxtive to the
ull—ncﬁlum 1nterlqrc, and ﬂ' g s0il resdistunce function described by c011
cpuch an upprouchﬁrﬁpr sents vhot mi fight. be cons idcréd a firut-l
order solution ot the cratcr3u; problcm lnd “in.view of th& data avdilable .
rOr dn&lY)lu, Is-the only pructlcablc type OL uoiutlhﬂu:;‘w. |
43 Ir *he problem werc Qs ,1mn10 ao outlined nbove, a Curve re-

1at1nb thc dlmenllono of the crater the churre weight and the charge po-;

,ultlon relltl'e to thc lnteri%ce cuuld be dc"eloped for edch oil typc bl

-fullng dlmcnuionleuu vloupinr(‘ci the”e alrlables as developed from. dlmen-

sional anulysic.  For example, 1t the cube, rool ol Lhe:chdrge weight is‘
considered a linear dimension (this- i

Wo=7L/3n é , [rom which T,

5 -an cntirely proper aosumptlon since
= f wl/3),“a plot of d/wl/3 or r/wl/3
verou/ z/wl/3 for Varlous 9011 typeq pruv1de, a graphic oolu0101 or the
problcm. HOWeVLF the problem 13 not that uimple and there exist devia- :
tlonu from the'ucallnp prochUIL 1mplied bv Lhe classic cube-root ldwq
(Hopxlnuon s  law). The mout lmportant dewiation from the implicd priﬂci-

plem ot glmllarity occur-

,not in the very early hiotory of thc explosﬁon,

£ the" uhock wave and ditcr ‘the terminatlon of essen= -

"c‘ally hydrodynamlc behaviorl Thc latc gtapes ol crater Formatlon are

highly ‘dependent on FrdVitdtiOHll lorces; -L'or exumple, the efiect of grav-

1ty cauueu”ﬁheqsneur reuiutdnce of the loil to ‘increase with an increase in

thc qule of the e;pio ion. AulnCL Lravity is not readily ucaldble, thlb

¥

phenomcnon will de*lcte from the lows of ulmildrity av“ociated.«ith cube-
! i

¥

&
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.

g ,
.
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‘root scaling. DLVLdtlUHu in scaling ure to be expected, when 1t is Té&lized -

Lhdt pariweteruaui? 85 thu deuwity uk’mhc“medlum, itu particIé )lze, q
4
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"‘cube roots

Tof thougands of pounds, the dev1ation jin.cube-root sc

dlscernlble.»
V‘tende to hold ‘the deviatione to a minimum

"“tinue to 1ncrease\such that for nuclear weapons, scaling from TNT sources

B

o T

e

its strengﬂ properties -cannot be scaled in proportion to the retio of. the

f the scaled chargé’and prototype charge,
2k, - Experimental results show ‘that cube-root scaling is’ approxi— : Lo

mate)ynvel‘d when charge welghts range from about. 1 to lOOO 1b. As. the

- range..of charge weights is enlarged to include charges up to several tenu

1ing becomes’ ‘more . o

Even at this scale, the deviations are not obqectionably

large because tho physical ai&t of the charge is scalable and its size

As the energv deneity of the

ehploolve i) Lnblt&oed to greater and greater amounus, the deviationo con-(

on the basis of the" cube-root law yields completely mis leadlng results.

25.3 In. summary, the cube-root lav is invalid over a wide range of .

o tyitldo, particuldrly is this true whenthe explosives involved have wldely o

~vary1ng energy denuities and detonation velocities.

. Hepce, a best-fit

‘A first- order approxi-l;:
mation of the cratering problem may be obtained through the use of cube~-’

root godllﬁb when TNT or a" nearly equivalent type of explosive, is the

only energy source nsed In this report the data Lontained in the Compen-
dium are analyzed to reflect any ocale effect due to a wide’ variation in
charge weight by plotting crater dimensions as. a- functiOn of charge weight.

scaling procedure (based on the least-squares method) is

“used to minimize ocatter and to. increase the accuraty of prediction

methods
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© PART V:- ANALYSIS-OF CRATERING DATA  ° = "% -~

)

. Available Data

6. “Crater’ measurements suitable for use in analysis are available

t, Fc_—s

rrom approximateiy 1000 shots involving the use of TNT or some’ other ex- -
“plosive for which conversion factors are available to make possible the
y,,reduct n.of :ts yield to .an cquivalcnt TNT yicld 7 ‘The charges were det—
onated in more ‘than 20 different medih and 2& types of explosives were em- .
ployed, as summariued in table l.‘ In order to establish prediction cu*"es
for- frozen ground and ice, it was necessary to use the weight of charge
recorded, since conversion factors were not, available for the types of ex- v 7
plosives used in these’ test programo . The propriety of doing this may be ;“
quest*onable, but in the absence oI proper conversion factors, no other ‘
procedure seemed 1ealistic - ’ ' o : o o
27. The ranges of variables (charge weight depth of burial of |
charge," and reduced depth of. burial of charge) are presen ted in table 2
From this table, it would appear that sufficient data are available from
which.a. rigorOus empirical solution of the cratering ‘problem might be made. )
-\Howcvcr, thc fact.ls that the data are not. well distributed over the range e S'HJ
“of variables stipulated In some cases, there is an, overabundance of data
for certain valacs whereas for ‘other cases ‘therec is a dcfinite scarcity: of s
“useful data. These areas of famine or feas t result from a. lack of “;
coordination in past research effort and the fact that a considerable y
portion .of the duta as a whole was derived from research projects wherein
crater measurements were by products Only and vere inadequatelv reported){‘pi
- 28. Certainly, any future expLosion cffects research resulting in o
crater formation uhould report such measurements in order to. supplement _
data ligted in the Compendium 1 Any further research that may be directed
toward advancing the state of the art of predictirg the size of explosively

' gene;ated cr&ters should be carefully planned to enaure a8 broad a c0verage {,

lolof the ranges of primary intcrest as possible.a To date no work of any

real significance has” been done to ascertain the effects of energy densitf L

N explosives.¥ Thiu shOuld ‘be doné to assist in developing a more worhable

q\ "

o

“and detondtion velocity on the. cratering efficiency of-.various types of B R

T
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theory of the cratering problem in general It 1s further believed that
“-work 1nquhis area may well lead to a more realistic means of scaling HE rew

sults into the nuclear range with confidence.

@

W ) ) T i 'Me!thodS"ofiAnalvsi,s .

« o - -X“ :

29." To determine ‘the scaling trends that would best fit the, data o P

ktabulated in the Compendium,7

plots of crater depth and radius as & func-
fwnn of .charge weight for thc various types ol soll and for tne>selected
”'ﬁranges of charge position werc made (see plates 1~ Sl) */-Plates- 1-6 and ey
L.j 30 and 31 present for various types of soil, crauer dimensions plotted ag"
a function of charge weight for broad ranges of charge posiﬂlon. These'
Vranges vere made’ large in an attempt to group together as many individual
- crater measurements as possible without assumirg similar behavior to exist .
.over an’ absurdly broad angL. This procedure permits the plotting qP hun-
: dreds of points over a<iide range of charge weights., of course, it also
-~ | presupposes that“there exists a- balance in the number of chargesipositioned
‘ lover the range of charge positions and"weights involved. Othérwise, if
" more low-yield shot results from deeply buried charges vere availsble com-
pared to high- yield shot result,, most of whlch vere obtained from shal-
"lowly placed charges, the line of best fit would have a biased and flatter .
slope than'a‘balanced'get of results would exhibit. Plots of;;rater‘di-
‘mensions versus charge~weight‘for“more specific charge positidns {(having a
relatively narrov range) end for various types of "oil are presented in
plates 7 12 and 32- 37 The remaining plateu (plates 13 29. and- 38 51) showv“
" the crater radius or depth as a function of the charge weight for a spe-'
ocific soil type and for a specific ‘charge position.« . " "

: ..30f Limit“lines are shown in plates 1-51 (except 40 and 41)' which ‘
describe an. interval within which 95% of the experimental date fall. - The
'limit lines aiso. provide an indication of the levels of scatter assoclated.
with ‘the phenomenon.‘ Particularly is this true where an appreciable number
of observations .are inVOlved. The limits also illustrate that ‘there is i

o

Tk _ * The reference numbers that appear in all plates of +his ‘report refer o
SN similarly numbered 1tems in the Bibliographv contained in +he Compenc.ium7

Cw
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. of these equat1ons 1s . o ‘ \;ﬁ‘ " i

LN

. less scatter associated with the measurement of crater radius tban,with

crater depth. ) I h ~
- 31. The line of' best fit and its equation, as determined by the

method Qf least squares, is shown aISO'in plates 1-51." ~The form of each

ARN

wherein thc value of nncestablishes the scaling trend of the plotted data.,

~ “In arriving at general scaling trends for all of the plots_(plates 1-51),

*t<wac necessary to corsider each value of n, in which ithe numbérnof ob—

‘servations, the distrlbution of ‘the plottcd points, ‘and “the “scatter were

» all factors oince the true crater data are -the more reproducible, these

~ trends. (R T . . oo

~ (scale of the: experiment)

~data were more pxomlnently con51dered than portions of the apparent crater

data. Above-ground shots were‘not\considered in establishing thenscallngd
32. The values of the exponent n were tabulated and Cross~ )
tabulated with varinua parameters Thc cnd resul+ of the analyuis of the’
tabulations. and data plot) presented in platek 1-51 was the decision that
crater dcpth is more nearrv dcscrlbcd by w 3 scaling and crater radius
by 11/3 ~scaling. Since the crater depth scale= d*fferently than the

radius, the shape of the crater will depend on. the yield of the explosion

‘Results of Analysis

"Plediction curves “ _‘,f . - - “1“ :

33. r“o establisn crater prediction curves based on the scaling laws

decided upon, it was necessary to.reduce all the ra adius and depth measure-

‘ments by wl/3 and W -3 ) respeotively No effort was made to analyze
 crater volume “or the crater 1ip height, . primarily because of the lack oF -

sufficient data. (Normally, the crater volume may be' aatisfactorily de-

\ term ned by computations made from the crater profile shaped to'conform h

to the known radius and depth ) The Ieduced crater depth, and radii (d/w

TN

{”“inand r/w 3 respectively) were then plotted as a fun tion of the reduced**“'"“

s it B MRS s S

=
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charge position (Z/wl/J) for those types of media for which\sufil ient ‘date

vere available. The crater prediction curves are presented in plates 52-Tl:

f

Tn each plate, nomographs are provided to assist in making estimates ur orue’

ter dimensions for a variety ‘of charge welghts and depths of burial. Appar-

ent crater prediction curveq are shown in plates 59-63 for wet clay, moist

clay, dry clay, wet sand, “dry- to-moi t{sand, 1oess, silt frozen ground,
'.basalt, shale,lic and. sn0w respectively" True crater curves are shown

in plates 6L~7l for moist clay, dry clay, basalt, chalk, granitc, marlsione,
‘ sandctxnc, end uhulc, rcspectively

Variution: ot™ data : . - . T e . e

fah@ A ,tudy/of the scatter ‘exhibited by the’experimental data shows
- that in solls crater radius meaquzements vary approwimately 20% and crater
depth nmeas urements approximately '30% reg ardless .of the pos ition of_the '
0 i;; charge. Although a marked tendency exists which implies leso sC atter in
‘ the measurement of true craters, the paucity of ‘the data precludes a spe=
cific conclus ion to thiu effect. A similar study of scatter assoclated
- with meesurementﬁ in rock indicatcs a scatter of approx1mately hO to 50% ‘
" for crater depth, and about 30 to 40% for crater redius

The maximum crater " : a

35.‘ The cpater prediction curves (plates 52-71) provide a graphic
pleture of Lhe influence of’ the charge p051tion on crater r*.’Lze. From the
i plots, it can be seen that the maximum appareilt crater results from a
charge positioned such that . » o - e

-1,0 > > -L.5 o |

“

u.7Similarly, the true crater is maximum when the reduced charge position is
T approx1mately equal to -2. 0.

Compariqon of. appar-
eut and true craters

.. o 36+ . Where direct comparisons of appirent and true crater dimensions
lare posgible (compare plate 53 with 6k, sk with 65, ‘60 with 66, ‘and 61 with

) . dius is noughly‘lo to 20% larger than the apparent crater radlus. ‘oecond,

e S thisrdiffe?eﬁcé”in crater r&dii seems true regardless ‘of the eharge ”\ﬁ'" o
' (‘ v o ." . PR },” " . . R o ' ) ) - B e / :" E

- " Tl) the iollowing relationo appea1 applicable. First, the true crater T8~ e
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B Lot : . S : . /
o i N = " - 4

1o o B — \position and type of medium On o
S ' "1 the other hand, the ratio of the.

" . ) COHTSIVE S04LS . A o .
Fﬁ) , L ) ')/’// true crater depth to the apparent L
] “'wi;;_ﬁd" ~"| s | crater depth 1s highly sensitive to ~ |

4o ;m;__-;—m_—a———“F”Ljf - charge position as can be seen in . . . :
'%; o8 - te “qu e fig. 2. Thus, ~estimates of the true

' B " - crater rad;us and depth'may be made ;-
Fig. 2. Ratlo of true crater depth |
to apparent craier depth tor varl-

from the npparent crater radius and v e )
- ous oharge POSitiODS L ddepth by using these factors.»f"_;ﬁu' h

Generelizatlons of' ‘the an

‘¢idatering capability curves

‘ 37; If the cratering data uhown ‘in platee 5 «71 are cons ered to-
gether and summarized, the reshlting single plot of each crater dimension - ..;f
can be used_to present an approximate”and eomewhatugenerelized solution of
the crater prediction problem. FigSJ 3 and 4 present piotsiog this "type
for the apperent Grater radius and depth. A study of allithe crater lip
information comteined in the GompendiomT shows thaththe‘retio of-'h/d k ’

‘veries aslbxc ; this variation is shown in fig. 5 (page-l9)f vThe same
study shows also that the width of the crater lip normally varies from.

_ahout 0.7 to 1.0 crater radius tor chargus positioned between O > A, > <1.0,
and is about one=hall the crater radius for chergea between -1.0 > k
>2.0. MWith these fhree ‘plots (figs. 3-5) and the rule of thumb" asaoss~ R

) ment of crater lip width, the profile of ony crater can be deve10ped as
long as the charge is HE and its weigh* does, not significently exc ed
l 000,000 1b. -Other restrictions, which camnct be assessed at present,
should be imposed for situations wherein the medium cratered is- stratified,

‘or is highly saturated or heterogenous in nature,L

Formation of camouflets _ y

L 38. chezally, (umouflet are formed when erlosive charges are det« i
01ated at deptha of burial equal to or greater than approximately oo f .
3.5 wl/3 (A ~3.5). The stabi]ity of the camouflets dependb to a pro- ) ‘ o ~;
- nounced depree on the-strength pr0pert1eu of the material particularly the
cohesive properties, for they, to a lnrge degree, determine the arching '

characteristic» of the soil,; Thus;‘the maximum eize cavity thet ﬂan be j“

fo;wed in -a given naterial by the us» of explosives cennot be determined by

i

LB

i

Ny
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extrapelation of éxperjm?nth1 Aata without'ﬂeﬂdiled cdhsi@eratioﬂs‘of‘the
material's propertices. Expe&imentﬁl evidence currently_gvailable6 ingi. v 7

cates thut For cohegive soils such as loess and clay (each having moderate

“watcr contents) the camouflet dJamvbcr will be closg Jy approximated by:

)foxmeu by an exp1051ve charge properly poslti

D gr D (2 3 + 0. u)wl/’ - ”\(h)

I3

‘whgrcn D, and Dh are the diameters of the camouflet "in’ the vebtical and

ﬂhorizontul directions, resppctlvely. vThe same experiments6 sh0wed”that for “”“‘

‘all practiecal purposes the-two diameters were equal. The~possib;;;ty'£hat

camouflets can bc formed in pranular materials is QEeutionablé; ﬁowevérJ ’ wo

AU

since Vpanular matezials do dcvelop some shear otrength (friction) with

dapth, it is conceivable-that such cavities could be formed if Lharges

were buried sufficiently deep.

- 39. For the- purpo‘e of predictlng the pize camoufleﬁ'th&blwill'be

fned in a cohesive uoiJ mass,
it 14 recommended that ‘equation 4 be used to kstimate “the camouflet ' s
diawéteﬁ The soil properties shou]d then be carefully (OnulQETEd to des

termine bhe abilitv of “the 01l to arch over auch 8 Lavitv without ap-

p;eciab;e failuro of the highly comprcs cd shell « . g I “i‘ e '
L ) ) ‘ . " - ‘)' N ,;t ’ u ) - W N
o - ¥ N ‘! ™ s
u ‘ e
L 4 ! "4;}\} ,
- i " . -

BNV AU UV SOV «. - - PO, e
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- PART ¥I: CONCLUSIONS AND RECOMMENPATIONS.
L f

Conclu?ioﬂs

40, Fer the analysis reported herein, based upon avai]able HE
cratering da.ta,7 the Iollowing conclusions were formed

X _ - a. The Lrater radius is best deqcribed by cube~root scaling,:
N z wgercau the crater depth. ic best desrribed vwhen scaled as
' ' W &

S b, Cratering ‘{h soils 1s ‘characterized by a +20% scatter for
crater radius and a +30% scatter for crater depth. These
scatter limits increase to *30 to 40% for'width and +h0
to '50% For'oepth when the material being cratered is
rock.

c. The maximum apparent. crater iss formed vhen -1.0 > A_.> -1. 5;
theé maximum true crater is formed when the reduced charge
position equals approximately -2.0. . - .

- d., Camouflets are formed in cohesive soils when the charge is'
positioned so that AC‘< ~-3.5. -

~ Recommendations

b1, ‘Uhe enormous task of compiling all HE cratering date under a
~ single cover, coupled with the frustrationu encountered in trying to de-
. velop a more refined analyuiu of the data than is presented herein, has led‘
to thc féliowing recommendationo

e o AE‘ “Future crat ing eXpe;inentq should be carefully oontrolled. ’
n In particular more elaborste information om the medium ’
o ‘ cratered should be cobtained. Several c¢ratering programs at
the WES have shown that the scatter mentioned in paragraph
-ghOb can be greatly reduced (to +10% for crater radius and
depth) by carefully controlling the molsture content and
density of the artificially emplaced and compacted soils.'

) 4 It 15 also desirsble that experimentu be caretully planned
A ‘ s0 as to obtain & broad coverage of the range of charge po

v sitlons that are of -primary interest to the total problem of
.crotering. UWhere féasible, colored-sand columns should be
~used to delineate the true c”ater 5 ‘ N

o

Avotudy of cnorpy density- detonation veloclty effects en
i o - .cratering.is needed. It is kncwn that cratering eIf@oiency 4 .
__decreases aol,hc cnergy density of the explosive ircreases) A

"~ but huw the LLIlLlUnLy changes with eneruy dwnuity on a -

o]
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] s not known. Such a study would very
probably indicate better ways to relate miclear and high
exploslves from ithe stundpoint of cratering effectiveness.
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